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Mohite-type ternary sulfide Cu,SnSs, which has been intensively studied in the photovoltaic field, has
recently attracted much attention as an outstanding p-type eco-friendly thermoelectric material. In the
present work, significant synergistic effects of d-orbital-unfilled transition metal (Co) doping on the
crystal structure and electrical/thermal properties of Cu,SnSs are reported. Crystal structure evolution
with Co doping, involving not only monoclinic to cubic and tetragonal transitions but also the formation
of a hierarchical architecture (Cu-S nano-precipitates, metal and S vacancies, and even nano-scaled
stacking faults), is related to bond softening and intensified phonon scattering. Thus, an ultralow lattice
thermal conductivity of 0.90 W m~* K™ at 323 K to 0.33 W m~! K™t at 723 K was obtained. Moreover, an
increased effective mass is derived from the contribution of the Co 3d states to the inherent Cu 3d and S
3p states in the valence band, leading to a remarkable power factor (0.94 mW m~ K2, x = 0.20 at 723
K) with optimal doping. As a result, the high ZT of ~0.85 at 723 K elevates the modified Cu,SnSs to the
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Introduction

Thermoelectric (TE) materials can realize conversion between
thermal gradient and electricity voltage; therefore, they have
great potential in energy saving and environmental protection
through waste heat harvesting. The performance of TE
materials, which essentially determines their conversion effi-
ciency, is usually characterized by the dimensionless figure of
merit ZT = S*0T/(k. + k1), where S, o, T, k. and k, are the Seebeck
coefficient, electrical conductivity, absolute temperature, elec-
tronic thermal conductivity and lattice thermal conductivity,
respectively.

Ideal TE materials should have high values of ¢ and S to
achieve a large power factor (PF = S°¢); at the same time, they
should have an intrinsic low thermal conductivity to maximize
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level of state-of-the-art mid-temperature eco-friendly sulfide thermoelectric materials.

ZT. However, it is challenging to decouple these interrelated
parameters. For this purpose, many approaches to enhance PF
have emerged in the past decades. For example, band engi-
neering to converge the valence (or conduction) bands achieved
high valley degeneracy, which led to a large Seebeck coefficient
while maintaining high electrical conductivity.*® Band flat-
tening of n-type PbTe enabled higher Seebeck coefficients in La-
doped than in I-doped samples at a given carrier concentration.”
It should be noted that in order to achieve a high PF, ¢ should
be maintained at a reasonably high level, leaving «. with limited
reduction space in TE materials according to the Wiedemann-
Franz law. Therefore, suppressing the lattice contribution has
also become a primary mission for TE research towards
achieving high ZT, which actually appears to be the driving
factor for many newly reported breakthroughs. For example,
weak bonding and heavy elements in materials tend to generate
a large anharmonicity, resulting in low «; (In,Se;,® SnSe® and
AgSbTe, (ref. 10)). Additionally, solids with fine particle sizes
(down to the nanoscale) have been found to exhibit low thermal
conductivities due to the effect of grain size, as smaller grains
usually cause intensified scattering of phonons at grain
boundaries. Moreover, hierarchical structures, e.g. atomic scale
alloying, nanoscale endotaxial precipitates and mesoscale grain
boundaries, can have stronger phonon scattering effects over
wide wavelength and frequency ranges of phonons; this leads to
very low «; values in PbTe-based materials, further resulting in
greatly improved TE performance.*
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As an eco-friendly sulfide TE material, the mohite-type
ternary compound copper tin sulfide, Cu,SnS; (CTS), has
attracted great attention recently due to its phonon-glass—
electron-crystal characteristics. Basically, CTS adopts poly-
morphic structures, including a high temperature cubic struc-
ture (isomorphic with cubic sphalerite ZnS) and low
temperature tetragonal, monoclinic and triclinic phases.****
Due to its complex crystallographic networks and soft bonding
between the metal and S atoms with diverse and even random
coordination configurations, CTS has low lattice thermal
conductivity. Moreover, electronically, CTS possesses a rela-
tively narrow but suitable band gap of 0.7 to 1.3 eV, which
provides space for electrical transport optimization. The upper
valence bands of CTS are mainly composed of Cu 3d orbitals
and S 3p orbitals, while Sn atoms have no obvious contribution;
this leads to a 3-dimensional Cu-S conductive network in the
CTS lattice, as demonstrated by Xi et al.* and Zhai et al.*®
Recently, a moderately high Z7(0.58 at 723 K) by Zn-doping was
reported in a study® in which crystal structures were induced in
a cation-disordered state, resulting in low «; (0.4 Wm ' K ' at
~700 K) approaching the theoretical minimum at high
temperatures, while the band structure of CTS was minimally
affected. These findings indicate that further improvement of
TE performance for CTS should be directed by electronic
strategies, including band engineering.

As a potential approach, d-unfilled transition metal doping
can introduce additional energy states of these atoms to the
original valence bands, leading to a modified band structure
and different transport properties. As reported by Tang and Xiao
et al., cobalt (Co, [Ar] 45°3d”) doping for Sn ([Kr] 55*4d"°5p?)
sites as magnetic ions can result in enhanced entropy contrib-
uted by the degeneracy of the electronic configuration in real
space, leading to simultaneous enhancement of the Seebeck
coefficient and electrical conductivity.*®*” Therefore, Co-doping
is expected to enhance the density of states (DOS) of CTS by the
participation of Co-3d in the Cu-3d and S-3p dominating
hybridized valence bands, which can further improve the power
factor.'®* Meanwhile, Co-doping can also adjust carrier concen-
tration without unduly damaging the hole transport networks,
allowing for optimization of the electrical transport properties
of CTS.

In the present work, a series of dense ceramics of Co-doped
Cu,SnS; samples (Cu,Sn;_,Co,S;) were prepared and investi-
gated in an attempt to clarify the effects induced by the strategy
described above. The results revealed an enhancement of the
DOS effective mass m* in Co-doped CTS originating from the
band structure modification with a large PF; with a phase
transition upon doping from the original monoclinic structure
to cubic and tetragonal structures, the lattice thermal conduc-
tivity was suppressed significantly due to bond softening and
enhanced phonon scattering, which should be attributed to the
special microstructure features in the doped samples (lattice
relaxation, cation-disorder, nanoprecipitates, etc.). Finally, by
virtue of the synergistic effects of phase transition and band
structure modification, a strikingly high maximum ZT,,, ~
0.85 was obtained at 723 K; this strongly suggests the significant
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role of d-unfilled TM doping for CTS and the promising
prospective of CTS as a good mid-temperature TE material.

Experimental

Powder samples of the Co-doped compound Cu,Sn; ,Co,S;3
with nominal x values of 0, 0.05, 0.10, 0.15, 0.20, and 0.25 were
prepared by high temperature reactions. First, high purity
elementary powders of Cu, Co, Sn, and S in a mole ratio of
2 :x: (1 — x): 3 were sealed in evacuated silica tubes and were
heated from room temperature to 920 °C at a rate of 5 °C min %,
the mixtures were soaked at this temperature for 8 h, then
rapidly cooled to 700 °C and maintained for 48 h, followed by
natural cooling to obtain Cu,Sn,_,Co,S; ingots that were finally
ground into powder by hand in an agate mortar. The powders
were then compacted into dense pellets (over 95% theoretical
density) by spark plasma sintering (SPS) in a graphite die at
500 °C for 5 min under vacuum (<10 Pa) and an axial pressure of
50 MPa.

The phase compositions and crystal structures of the pellet
samples were checked by X-ray diffraction (XRD) analysis with
an ARL X'TRA diffractometer (SmartLab3, RIGAKU, Japan)
using Cu Ko radiation. Fracture cross-sections of the SPS
samples were observed by field-emission scanning electron
microscopy (FE-SEM, FEI Nova NanoSEM 450). High resolution
transmission electron microscopy (HRTEM) observations and
selected-area electron diffraction (SAED) analyses were per-
formed on an electron microscope operating at 200 kV (JEM-
2100, JEOL, Japan). The Seebeck coefficients and electrical
conductivities were measured in the radial direction of a bar-
shaped specimen with dimensions of 10 mm x 3 mm x
3 mm by a conventional steady state method and a four-probe
method, respectively, in He atmosphere at 323 to 723 K with
a commercial system (LSR-3, Linsins). X-ray photoelectron
spectroscopy (XPS) was performed with a Physical Electronics
system (ESCALAB 250Xi) using a standard Al Ko source.
Thermal conductivity (k) was calculated by x = DdC,, (D and C,
can be seen in Fig. S7, ESI}), where the thermal diffusivity (D)
was measured in the axial direction of a disk-shaped sample of
® 10 mm x 1 mm using a Netzsch laser flash diffusivity
instrument (LFA457, Netzsch, Germany); C;, is the specific heat
capacity measured by differential scanning calorimetry (DSC:
200 F3, TA instruments), and d is the mass density measured
using the Archimedes method. Hall effect measurements for
carrier concentration were conducted with a van der Pauw
configuration under vacuum using a ResiTest8300 system (Toyo
Tech. Co., Japan). Sound velocity was detected by the ultrasonic
pulse-echo method (Model 5800 PR, Olympus).

First principles theoretical calculations to verify the contri-
butions of the Co 3d states to the inherent valence band of CTS
were carried out based on monoclinic CTS, both non-doped and
Co-doped (x = 0.25), using the Quantum-ESPRESSO package*®
and the Garrity-Bennett-Rabe-Vanderbilt (GBRV) high-
throughput pseudopotential library.>* The Perdew-Burke-Ern-
zerhof (PBE) functional was used along with ultrasoft pseudo-
potentials for all the atoms. A plane wave basis with a kinetic
energy cutoff of 600 eV was used to ensure convergence in all the
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calculations. A k-point sampling of 3 x 5 x 7 was used for the
Cu,SnS; unit cell; for larger cells, the k-mesh was reduced
accordingly. The atomic positions were relaxed until all the
force components on each atom were less than 10> atomic
units. For density of states calculations, a denser k-point
sampling of 5 x 7 x 11 was used for the Cu,SnS; unit cell.

Results and discussion
Compositions and crystal structures

The powder X-ray diffraction patterns of the undoped and Co-
doped Cu,SnS; samples at room temperature are shown in
Fig. 1. No impurity peaks were observed for the pristine or Co-
doped samples. An obvious structure transformation with
increasing Co-doping level in Cu,Sn,_,Co,S; can be clearly
seen. The diffraction patterns of Cu,Sn; ,Co,S; (x = 0, 0.05)
conform to the monoclinic structure (PDF# 27-0198), where Cu,
Sn and Co atoms are distributed in their specified tetrahedral
sites separately in an ordered manner. Meanwhile, Cu,Sn;_,-
Co,S; (x = 0.10) adopted a cubic structure (PDF# 89-2877), and
the XRD patterns of Cu,Sn; ,Co,S; (x = 0.20) matched well with
the standard tetragonal structure (PDF# 89-4714). These two
structures feature highly random metal atom occupation: in the
tetragonal structure, the 4d and 2b sites are occupied by the
composite atoms M1 [43.6(2) at% Sn + 56.4(2) at% Cu] and M2
[46.3(3) at% Sn + 53.7(3) at% Cu], respectively, and the 2a
tetrahedral sites are occupied by the remaining Cu atoms;
meanwhile, in the cubic structure, the tetrahedral sites become
equivalent and are fully occupied by composite M3 atoms
(66.7% Cu + 33.3% Sn), corresponding to a complete disorder-
ing of metal atoms in this structure. This type of order-to-
disorder atomic rearrangement can play a very significant role
in phonon scattering, as has been found in many disordered
systems.**>

It is noteworthy that the XRD Rietveld refinement results
(Fig. S1 and Table S1, ESIT) showed that the doped samples very
likely have multiphase compositions; when x is increased from
0.05 to 0.25, the fraction of monoclinic phase decreases (from
46.15% to 2.57%) and the fractions of the tetragonal and cubic
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Fig. 1 (a) Powder X-ray diffraction patterns of Cu,Sn; ,Co,Sz (x =
0.05 to 0.25) samples; (b) enlargements of the 27 to 30° regions with
the (—2—11) peak of monoclinic phase, the (111) peak of cubic phase,
and the (112) peak of tetragonal phase.
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phases increase rapidly (from 53.85% to 97.43%). The lattice
constants a and ¢ and the M-S bond lengths obtained from
refinement results are shown in Fig. S2 (ESIf). The results
indicate that the lattice constant a decreases gradually with Co
amount and that c is not greatly affected; meanwhile, the short
M-S bond lengths in the pristine monoclinic phase are largely
relaxed to a unified range in the cubic and tetragonal phases,
which gives rise to bond weakening.

Strikingly, the (111) peak position for cubic phase (as well as
the (112) peak position for tetragonal phase) shifted toward the
higher angle side rather than toward the lower angle side, which
is in contrast to the radius order of rCo®" (58 pm at CN = 4) >
rsn** (55 pm at CN = 4). This suggests a much more compli-
cated mechanism involving not only the simple replacement of
Co for Sn in CTS, for which a process is proposed as follows
starting from the octet rule: this rule states that if the sum of the
valence electrons, X, of the cations surrounding an anion
divided by the anion's coordination number plus the number of
the anion's valence electrons is equal to eight, then that struc-
ture will be in a low energy state because the anion is in
a closed-shell state. In the pristine monoclinic structure, S(1)-
[3Cu,Sn] and S(2)-[3Cu,Sn] clusters, both with X values equal
to 7, are connected by a S(3)-[2Cu,2Sn] cluster (¥ = 10) to
minimize deviation from the octet rule, forming a tri-tetrahedra
cluster with a total £ = 24, i.e. an average of 8 for each of the 3
tetrahedra (there are 3 different S sites in the monoclinic
structure, namely S(1), S(2) and S(3), as shown in Fig. 2(a) and
(b); all of these are surrounded by 4 metal atoms, M, to form
SM, clusters with different combinations of M). When Co*" ions

(a) _monoclinic CTS

Osn Ocu Os

&%
*\ g (s

iy \ B 4
Co-doping

&) Cu
« . Sn

Fig. 2 Structural illustrations of (a) the monoclinic CTS structure,
where metal atoms are fixed separately and in good order; (b) the
location of Sn atoms inside monoclinic CTS, which bridge one S(1), one
S(2) and two S(3) atoms, indicating that when a Sn atom is replaced by
Co, the adjacent S(1)- and S(2)-centred tetrahedral would have
areduced X = 5 or 6; (c) the cubic CTS structure, where metal atoms
are randomly distributed at the M (4a) sites; (d) the tetragonal CTS
structure, where the 2a sites are occupied by Cu and the remaining 2b
and 4d sites are occupied randomly by Cu, Sn and Co atoms.
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substitute the Sn** ions as designed, S-2Cu,Sn,Co] tetrahedra
surrounded with two Cu atoms, one Sn atom and one Co atom
are formed preferentially to reach ¥ = 8 and lower the internal
energy. However, this disrupts the local neutrality of the two
adjacent tetrahedrals, S-[3Cu,Sn] originally, by forming S-
[3Cu,Co] clusters (¥ = 5 or 6) with increased internal ener-
gies. In order to minimize the internal energy, 2 Cu atoms, one
for each of the two S-[3Cu,Co] clusters, are “driven out” by 2 Sn
atoms, forming 2 S-[2Cu,Sn,Co] clusters with ¥ = 8, vacancies of
Cu and S, and precipitates of Cu,S. This whole process, as
expressed below, would take place throughout the CTS crystal
lattice toward the lowest-energy state, with the atomic ratio of
Cu:Sn:Co approaching 2:1:1 as the Co substitution
proceeds.

Cu,SnS; xo (2 — 2x)Cuc, + 2x V’Cu + (1 — x)Sns, + xCoyg,
+ (3 = 2x/)Ss + (2x/y) Vs + (2x/y)Cu,S + 2xhole’
or
Cu,SnS; o
(Cur—+Oy), (Sni_«Coy) (S3-2¢/yDavsy) + (2x/)CuyS + 2xhole’

N———

precipitate carrier

original Cu-site  original Sn-site original S-site

In order to confirm the microstructure evolution of Cu,SnS;
with Co doping, the Cu,Sn; ,Co,S; ceramic samples with x = 0,
0.05 and 0.20 were selected for SEM (Fig. S3, ESIt) and TEM
observations. As can be seen from the fracture cross-section
SEM images, the samples are highly dense and the grain sizes
of samples are quite large, about several microns to tens of
microns. Fig. 3(a) shows a typical HRTEM image and the cor-
responding FFT pattern of the pure CTS sample, which can only

Cubic-[110]

Fig. 3 Microstructure evolution of pure CTS to 20% Co-doped CTS:
typical HRTEM images and the corresponding FFT patterns (insets) of
(a) pure CTS with a monoclinic structure along the [100] zone axis; (b)
5% Co-doped CTS with a cubic structure along the [110] zone axis; (c)
typical HRTEM image and the SAED pattern of the stacking faults in the
5% Co-doped CTS sample; and (d) low magnification TEM image of the
nanoprecipitates in 20% Co-doped CTS.
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be indexed to the [100] zone axis of monoclinic phase. Fig. 3(b)
exhibits the HRTEM image and the corresponding FFT pattern
of the 5% Co-doped CTS sample. This was indexed as the [110]
zone axis of cubic phase. Meanwhile, stacking faults on the*
planes were found in the 5% Co-doped CTS sample, as shown in
Fig. 3(c) and S4, ESLt The selected-area electron diffraction
pattern with elongated diffraction spots (inset of Fig. 3(c))
clearly demonstrates the existence of stacking faults. Fig. 3(d)
shows that some nanoprecipitates were distributed in the 20%
Co-doped CTS sample. Significantly, these nanoscale domains
can also introduce abundant additional phonon scattering
sources and lead to low k, as discussed in the following context.
As demonstrated above, the transition of the crystal structure
would involve not only the substitution of Co at Sn-sites, but
also the formation of Cu and S vacancies, Cu,S precipitates and
hole carriers. Therefore, due to the smaller size of Sn** (55 pm at
CN = 4) than Cu’ (60 pm at CN = 4) and to the vacancies
formed, although Co** (58 pm at CN = 4) is slightly larger than
Sn** (55 pm at CN = 4), the lattice would contract upon Co-
doping, which agrees with the observed peak shifting of the
XRD patterns. Thus, the nominal Co-doping at the Sn-site
would first cause the rearrangement of Cu, Co, and Sn atoms
and even Cu and S vacancies. Due to the similar crystallographic
nature of the Cu atoms that are available for replacement by Sn,
the rearrangement throughout the CTS tends to be highly
disordered, which is actually the case in the obtained cubic and
tetragonal CTS structures. Second, the Co-doping promoted the
precipitation of Cu, which was actually found in all the doped
CTS samples in the form of Cu,S nano-precipitates, and even
some stacking faults. Third, holes as the major carriers are
created proportionally to the Co-doping amount x, which
enables tunability of the electrical transport properties.

Electrical transport properties

The temperature dependences of electrical conductivity for all
the samples are shown in Fig. 4(a). With increasing temperature
from 323 K to 723 K, the electrical conductivity of the doped
samples tends to decrease gradually, which suggests metallic
behavior in contrast to undoped Cu,SnS;. Because of the exis-
tence of Co®" (Fig. S5, ESIT) in Cu,Sn;_,Co,S;, the ¢ values of
the Co-doped samples are smaller than those of the Zn-doped
samples with the same x. Also, the gradual change of ¢ vs. T
excludes the possible crystal structure transition at elevated
temperatures, which occurs in many binary sulfides and sele-
nides.**** This is beneficial for long-term stable operation of TE
devices.

Additionally, the o values increase dramatically with
increasing content of Co doping, even up to 1500 S cm ™ * at 323
K with x = 0.25. As proven by Hall effect measurements, this is
mainly due to an increase in carrier concentration (see Table 1),
reflecting the essential role of Co acceptors in the doping
process (although stacking faults, Cu and S vacancies and Cu,S
precipitates are also involved). The carrier mobility was found to
decrease slightly as the Co amount increased, probably as
a result of intensified electron scattering due to Cu,S precipi-
tates, other defects and carriers which form more commonly at

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Temperature dependence of (a) electrical conductivity, (b)
Seebeck coefficient, (c) power factor of Cu,Sn;_,Co,Ss compounds (x
= 01to 0.25, 323 K to 723 K). (d) Pisarenko plot of Seebeck coefficient
versus hole concentration in the Co-doped CTS samples at around
300 K, with simulated lines with effective mass m* =nmg (n = 2.0, 3.5,
5.0 and 7.0). The increasing m* with x suggests that the Co doping
level makes a marked contribution to the density of electronic states of
CUZSHS}

higher Co-doping levels, while the interfaces between the
different CTS phases were not greatly affected, as observed
previously. Moreover, the ¢ and n values (Fig. S6, ESIT) showed
almost linear increases with x up to as high as 0.20, without the
obvious drop that is often observed in heavily doped semi-
conductors; this may indicate the participation of Co-3d orbitals
in these compounds. This would contribute to enhanced S
values, as discussed below. Fig. 4(b) shows the Seebeck coeffi-
cient, S, as a function of temperature for the Cu,Sn; ,Co,S; (x =
0 to 0.25) samples. All the Co-doped samples show positive S as
p-type semiconductors. With increasing content of Co as an
acceptor, the S values decrease gradually, from 282 pv K * (x =
0) to 40 pV K~ (x = 0.25) at 323 K, suggesting a dominant effect
of the growth of carrier concentration n rather than other
factors, including m*. In general, these values are modest when
x is no less than 0.10; this reflects high n, which contributes to
high ¢, as shown in Fig. 4(a). In contrast to the anomalous
temperature dependence in the undoped sample due to thermal
excitation of bipolarons,® the S values in the doped samples all
undergo a continuous and steadily increase as the temperature
increases, as expected for materials with substantial band gaps.

Table 1 Carrier concentration n and mobility u from Hall effect
measurements at 300 K for the doped samples

Sample x = 0.05 x = 0.10 x=0.15 x = 0.20
n (10** cm ™) 0.11 1.43 2.44 4.35
p(em®>v's™h 1.13 1.59 1.46 1.01
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As a result, high power factors can still be obtained due to the
high o values at high temperatures.

Fig. 4(c) shows PF as a function of temperature for the Cu,-
Sn; ,Co,S; (x = 0 to 0.25) samples. The PF of the Co-doped
samples increases with increasing doping content from x =
0.05 to x = 0.20. However, the PF of Cu,Sn, ;5C0g »5S; decreased
slightly because of the rapid decrease of the Seebeck coefficient.
The maximum PF (0.94 mW m ™" K> at 723 K) is obtained when
x = 0.20, which appears to be surprisingly large compared with
most sulfide TE materials.**”

To clarify the origin of the high PF, the experimental data for
S and n of Co-doped CTS in comparison with Zn-doped
analogues were used to calculate the DOS effective mass m*
based on the single parabolic band (SPB) model, which should
be maintained at a high n over 10*" em > for these heavily
doped CTS samples.™ As shown in Fig. 4(d), the obtained m*
value increases from 2.0 at x = 0.05 to (5.0-7.0) m, for x = (0.1 to
0.2), and is strikingly larger than that of Zn-doped compounds
(around 3.5m,) at high x. In part, this may be related to the
enhanced doping level, which corresponds to a deeper Fermi
level inside the valence band corresponding to a larger DOS in
CTS, as has previously been experimentally and theoretically
interpreted.” More importantly, it is very likely that the Co-3d
sub-orbitals participate in the valence bands to give rise to
a further increase of m*. Relevant calculations regarding the
larger m* leading to enhanced DOS in Cu,CoSnS, have been
reported.” In Cu,CoSnS,, a small portion of the energy states
due to the hybridization between the Co 3d-states and S 3p-
states appeared near the valence band edge, in addition to the
main contribution from the hybridized Cu-3d and S-3p orbitals,
which serve as a conducting pathway for holes. Additionally, in
a spinel sulfide of CuCo,S,, the Co-3d orbitals in the valence
band are even located above the Cu-3d states, which indicates
that the Co 3d states may have been hybridized with those of
Cu-3d and S-3p. For the case of CTS doping, in contrast to Zn>"
([Ar] 3d"°), which has a filled 3d electronic shell, Co>* cations
([Ar] 3d7) have 3 unpaired 3d sub-orbitals available for hole
transport; thus, the substitution of Co for Sn** ([Kr] 4d"°) would
lead to hybridization of the 3d orbitals of Co with the S 3p
orbitals in the unoccupied bands (d-p antibonding bands).
Therefore, additional pathways for holes between the S atoms
originally bridged with Sn atoms are built (it should be noted
that the connection of S-Sn-S is not beneficial for hole
conduction because there is no obvious contribution from Sn at
the conduction band), leading to an additional increase of DOS
and further growth of m*. Therefore, the enhancement of m*,
which is even higher than that for Zn-doping, originates from
the increase of n as a result of acceptor doping, and more
importantly from the contribution of the Co-3d orbitals to the
valence bands at the Fermi level.

DOS calculations based on first principles theories greatly
support the above assumption. The DOS enhancement
contributed by the Co 3d orbital is shown in Fig. 5 using blue
lines. The DOS near the valence band maximum was enhanced
by the contribution from both the up and down-spinning states
of the Co-3d orbitals, which is expected to be responsible for the
higher PF. As CTS is not magnetic, the up and down DOS are the
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Fig. 5 The density of states of undoped and Co-doped Cu,SnSs (x =
0.25), where a noticeable contribution of down-spin Co-3d states can
be seen.

same; however, after Co doping, the up and down DOS are
different. The DOS of the two systems are aligned based on the
inner sulfur 3s orbital, and the dashed line is the Fermi energy
only for a doped system. It can be seen that near the Fermi
energy, the DOS of the doped system is slightly larger than that
of the non-doped system, which is beneficial for a larger See-
beck coefficient. Incidentally, it should be worthwhile to further
investigate the influence of doping on the band gap; this will be
carried out in subsequent research.

Thermal conduction properties

Fig. 6(a) shows the total thermal conductivity (k) as a function of
temperature for the Cu,Sn; _,Co,S; (x = 0 to 0.25) samples. The
«k value for all the samples decreases gradually with increasing
temperature, which is indicative of dominant phonon-phonon
interactions with increasing temperature. The « for pristine

4.0
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CTS, ranging from 2.4 Wm ™ ' K ' at room temperature to 0.8 W
m~ ' K" at 723 K, is highly comparable with those reported in
the literature. For the doped samples, the « values increased
with x in the whole temperature range, which is indicative of
considerable contributions from the electrical conduction.
Except for the Co-doped (x = 0.25) sample, the values for the
doped samples are smaller than that of the undoped sample,
suggesting that much stronger phonon scattering occurred
inside them. Moreover, these values are quite low at high
temperatures and are even comparable with the best TEs.

To obtain better insight into the origin of the variation of «,
the electronic thermal conductivity (k.) is estimated from the
Wiedeman-Franz law as k. = Lo T, where the Lorenz number L
was obtained from the reduced chemical potential 7, which was
calculated from the experimental S and n data (see the calcu-
lation details and Fig. S8, ESIT). As shown in Fig. 6(a), the «.
values are quite constant in the whole temperature range, while
they increase remarkably with x. For the undoped sample, «. is
negligible to the total «, indicating the primary role of phonon
conduction in this value. Meanwhile, for the doped CTS, the
values increased form 0.02 Wm ™' K" (x = 0.05) to 1.1 Wm ™"
K" (x = 0.25) at 323 K due to the higher ¢ and L values in the
more heavily doped samples.

By subtracting . from «, the lattice thermal conductivity (x;)
was calculated; this is shown in Fig. 6(b) as a function of
temperature. As can be seen, the «; values for all the doped
samples (x = 0.05 to 0.25) are very close to each other and are
very small. These values decrease gradually, following a 7!
dependence indicative of Umklapp type phonon-phonon
interaction as the predominating phonon scattering mecha-
nism, from ~0.9 Wm ™' K " at 323 K to 0.3-0.4 Wm™ ' K " at
723 K, a level close to the theoretical minimum of 0.3 W m™*
K '. This is not a rare phenomenon, as ultralow «; values have
been reported in many papers for similar diamond-like ternary
sulfide TEs.”®** Because the grain size is quite large for all the
samples, grain boundary phonon scattering should be ruled out
as the primary mechanism. However, the mechanism appears
to be very complicated, in consideration of the fact that there
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Fig.6 Temperature dependence of (a) thermal conductivity; (b) lattice thermal conductivity of the Cu,Sn; _,Co,S3 (x = 0 to 0.25) bulk materials.
The insert figure displays the electronic thermal conductivities of the Cu,Sn;_,Co,S3 (x = 0-0.25) bulk materials.
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are various phonon scattering behaviors in these compounds,
including soft bonds, mass-disorder, random atomic arrange-
ments, vacancies, phase interfaces, grain boundaries and
stacking faults. Here, we propose an explanation based on the
phonon velocity and phonon mean free path.

Based on the kinetic theory of gases, k; can be expressed as
= 1/3C\Vavglp, where C, is the volumetric specific heat, v,,, is the
average speed of sound and [ is the phonon mean free path.
Furthermore, the density (p), Griineisen parameter (v), Young's
modulus (E), shear modulus (G), bulk modulus (B) and phonon
mean free path (/) of each sample were calculated and are listed
in Table 2.

It is clearly demonstrated that upon Co-doping, the », », and
Vavg sound velocities are reduced by ~18% compared to that of
the pristine sample, although the density is only reduced by
about 2%; moreover, the moduli E, G and B are reduced by
about 30% to 48%. These results tend to reveal a weakening of
interatomic forces and increased anharmonicity in the Co-
doped compounds. However, the calculated Griineisen param-
eters are all about 1.7 to 1.9; these values are high but compa-
rable to each other. Therefore, interatomic force softening is the
primary mechanism of the reduction of the sound velocities and
elastic modulus, and it likely occurs for three reasons. First,
there should be a weaker electrostatic force of attraction
between Co®" and S*~ than between Sn** and $>~ because the
bond lengths of metal atoms to S atoms become unified after
doping; for example, the short Cu-S bonds in pristine CTS,
which are around 2.17 to 2.28 A (less than the sum of the ionic
radii of M and S due to overlapping by attraction forces), are
relaxed to become comparable with the long bonds of 2.35 A
(nearly equal to the sum of the ionic radii of M and S) in the
cubic and tetragonal CTS after doping (Fig. S2(b), ESIt). Second,
the formation of Cu and S vacancies would result in additional
weakening of the atomic interactions; third, the Cu,S precipi-
tates can also slow the passage of phonons due to their supe-
rionic nature, according to Shi et al.®>® Thus, the bonds in the
materials as a whole are softened upon Co-doping, leading to
a decrease in the speed of sound. It is also interesting to see that
the sound velocities and even the elastic modulus are very close
to the data for Cu,S,** which has an ultralow lattice thermal
conductivity of about 0.3 Wm™ " K.

On the other hand, the [ values are very small as a result of
the high anharmonicity in CTS, either pristine or doped. This
value was observed to drop from 1.36 to ~0.5 nm with
increasing doping amount of x from 0 to 0.20. First, the random
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Fig. 7 Temperature dependence ZT of the Cu,Sn;_,Co,Ss (x = 0 to
0.25) bulk materials from 323 K to 723 K.

occupation of the metal atoms (atom number Z = 27, 50, 29 for
Cu, Sn, and Co, respectively) and even the M and S vacancies in
the cubic structure (completely disordered) and tetragonal
structure (partially disordered) may thoroughly disrupt the
normal phonon transport,* leading to a glass-like random walk
of phonons within a spatial distance close to the distance of the
neighboring M atoms (the average distance between two M
atoms is about 0.4 nm); second, the vacancies caused by Co
doping and the phase boundaries of different CTS structures
and even the interfaces between the defect region and the main
body of the matrix will further interrupt the phonon transport.
Furthermore, the presence of Cu,S nano-precipitates will also
disturb the normal propagation of phonons.

Thus, Co-doping in CTS leads not only to weakening of the
interatomic attraction forces, which suppresses the elastic
modulus and sound velocities, but also to enhanced hierar-
chical phonon scattering, which lowers the phonon mean free
path, enabling substantially reduced ki (0.85 Wm ™" K" at 323
K, and ~0.33 W m~! K™ ! at 723 K, which is close to its theo-
retical minimum value of ~0.3 W m ' K™ %).

Dimensionless figure of merit

From the above parameters, the dimensionless figure of merit
values, ZT, of Cu,Sn; ,Co,S; (x = 0 to 0.25) were calculated and
are shown in Fig. 7. It was found that the ZT values increase with

Table2 Parameters of density p, transverse v, longitudinal v, average speed of sound v,,q, Young's modulus E, shear modulus G, bulk modulus B,
Gruneisen parameter v, and phonon mean free path [ of the bulk Cu,Sn;_,Co,Ss materials (x = 0 to 0.20) at 300 K

x p(gem™?) y(ms! v (ms™h Vavg (M s™") ¥y E (GPa) G (GPa) B (GPa) { (nm)
0 4.58 4648 2373 2658 1.93 64.53 24.37 61.01 1.36
0.05 4.52 3687 1968 2198 1.78 38.07 14.63 31.85 0.76
0.10 4.46 3940 2015 2257 1.92 45.12 17.05 42.46 0.70
0.15 4.43 3540 1924 2146 1.71 33.61 13.02 26.73 0.63
0.20 4.53 3872 1988 2227 1.91 44.01 16.66 40.98 0.44
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increasing temperature in the measured temperature range.
Moreover, the ZT values of the Co-doped samples are much
higher than that of pristine CTS within the whole temperature
range. An unexpectedly high ZT value (~0.85) was observed for
the Cu,Sny sCoy,S; sample at 723 K; this is a fairly high value
among Cu-based ternary sulfide TE materials, such as CuFe, o-
Sbo.1Ss (ZT623 k ~ 0.19),%° CuySn,S16 (ZT700 x ~ 0.2),° CuFeS; g
(ZT573 x ~ 0.21),** and CusFeS, (ZTooo x ~ 1.2).2®

Conclusion

Mohite-type ternary sulfide Cu,SnS; was investigated for TE
performance by doping with d-orbital-unfilled Co at the Sn site,
with emphases on the synergistic effects of crystal and band
structure variations. The structural variation due to Co-doping
is very complicated, involving not only the evolution of pris-
tine monoclinic symmetry to doped cubic and tetragonal
structures, but also the formation of Cu-S precipitates, stacking
faults and even M and S vacancies. A weakening of M-S inter-
atomic bonding induced by the phase transition was deduced
from sound velocity analysis; this results in a strong reduction
of the phonon velocities and elastic modulus. Primarily, due to
complex structures in the doped samples, phonon scattering is
greatly intensified, giving rise to a small mean free path close to
the distance of two neighboring M atoms (0.4 nm). The lattice
thermal conductivity is very low, 0.90 W m~" K" at 323 K and
~0.33 W m~' K" at 723 K. These findings regarding the
microstructure and the lattice thermal conductivity are ex-
pected to aid material structure design in the TE research
community.

Electrically, 3d-unfilled Co substitution for Sn enhances both
n and m* due to the acceptor role of Co and, likely, the partic-
ipation of Co-3d near the Fermi level in the upper valence band,
which leads to enhancement of S accompanied with a high ¢
with doping. PF reaches a maximum value of 0.94 mW m ™" K2
at 723 K for x = 0.20. Due to the increase of PF and the decrease
of kj,, an unexpectedly high ZT of 0.85 at 723 K was achieved for
Cu,Sng gCoy S35 this is much higher than the values achieved
for other sulfide materials*®**** that have been reported to date.
Thus, Co-doped CTS is a very competitive eco-friendly candidate
for mid-temperature TE applications.
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